Introduction
Catharanthus roseus produces more than 130 terpenoid indole alkaloids (TIAs), most of which have pharmacological activities. The most medically significant of these are the potent antitumor drugs vinblastine and vincristine. A variety of in vitro micropropagation systems, such as cell suspensions and hairy roots, have been established to produce TIAs. 1 However, the yields of TIAs are commonly very limited, and the production of vinblastine and vincristine have failed in cell and hairy root cultures, though various biochemical and bioengineering protocols have been applied to manipulate indole alkaloid production. [2] [3] [4] [5] Vinblastine and vincristine are dimeric alkaloids formed by the peroxidase-catalyzed condensation of vindoline and catharanthine.
Catharanthine can be isolated at high concentrations from most cell cultures, but stable production of vindoline has not been observed. Thus, the lack of vindoline biosynthesis becomes the major obstacle of using cell cultures to produce vinblastine and vincristine. 2, 6, 7 However, vindoline biosynthesis was restored in shoots that regenerated from a non-producing callus and tabersonine precursor accumulated in cell cultures, indicating that vindoline may be acquired by fulfilling its regulatory requirements. 8, 9 As illustrated in Fig. 1 , the vindoline pathway contains six enzymes: tabersonine 16-hydroxylase (T16H) starts the reaction; O-methyltransferase (OMT) and N-methyltransferase (NMT) catalyze O-methylation and N-methylation, respectively; and deacetoxyvindoline 4-hydroxylase (D4H) and deacetylvindoline 4-O-acetyltransferase (DAT) catalyze the last two steps. Among them, T16H has reportedly been expressed in cell and hairy root cultures, while the other four known enzymes have only been reported in seedlings, and the aerial organs of C. roseus. 3 Genes of T16H, D4H and DAT have been cloned, but transcripts of D4H and DAT have not been detected in cell and hairy root cultures. [10] [11] [12] Genetic engineering and expression of DAT in C. roseus hairy root cultures has led to high levels of DAT enzymatic activity and hoerhammericine accumulation in DAT-expressing cell lines in comparison to control lines, but not vindoline
The effects of light and methyl jasmonate (MJ) on the transcription of biosynthetic genes as well as the accumulation of vindoline and catharanthine in Catharanthus roseus C20hi cell suspensions were studied. t16h (the gene encoding tabersonine 16-hydroxylase) could be induced by light and MJ, whereas d4h (the gene encoding deacetoxyvindoline 4-hydroxylase) could only be induced by light. Quantification by UPLC-MS showed that light significantly increased vindoline production in C20hi cells by about 0.49 -5.51-fold more than that in controls, with the highest yield being 75.3 ng/g of dry weight. The biosynthesis of vindoline was further enhanced by combining MJ with light. The accumulation of catharanthine was not improved by either light or MJ elicitation. These results suggested that light and MJ could promote vindoline, but not catharanthine accumulation in C20hi cells. accumulation, 2 suggesting that the expression of genes upstream from dat (such as d4h) is needed for vindoline production. It has been reported that d4h is transcriptionally blocked in C. roseus cell cultures, which may result in a failure of vindoline biosynthesis. 7 Therefore, external regulatory strategies activating d4h transcription may contribute to the accumulation of vindoline, where elicitation is a very promising strategy.
In C. roseus, a variety of physical and chemical elicitors have been found to induce the expression of enzymes leading to vindoline biosynthesis. Light can induce the expression of T16H in cells and the expression of D4H and DAT in seedlings at the transcription, translation and enzymatic activity levels. 5, 6, [9] [10] [11] [12] [13] [14] The protein level and enzymatic activity of D4H increased by up to 9-and 8-fold, respectively, in etiolated seedlings after light treatment. These studies have indicated that light plays an important role in the conversion of tabersonine to vindoline. Methyl jasmonate (MJ) is most often used as a chemical elicitor that can enhance TIA accumulation, including vindoline in C. roseus plants. 15, 16 In this study, we elucidated whether light and MJ treatments could induce the expression of biosynthetic enzymes and the production of vindoline in stable cell cultures thereafter.
A fully habituated C. roseus cell line, C20hi, has been stably cultured in our laboratory for about 10 years. It has produced much more ajmalicine and serpentine than the original C20D cells, 17 but the production of vindoline and catharanthine has not been studied. This paper deals with the ability of C20hi to produce vindoline and catharanthine after light and MJ treatments.
Experimental
Cell culture and elicitation C. roseus C20hi cells were cultured as described by Zheng and Wu (2004) in the B5 basic medium in the dark. Cells cultured in liquid media on a shaker at 120 rpm under dark conditions for eight days were used for light-and MJ-induction experiments.
Light induction was performed with four white light lamps (Philips 40W/18) located 15 cm above the shakers. The light intensity was 6000 lux and continuous irradiation was applied throughout the induction period. C20hi cells in flasks wrapped with packaging film for photosensitive material were used as negative controls. MJ stock solution (100 mM) was sterile-filtrated through a 0.22-μm membrane and stored at 4 C before use. The final concentrations of MJ were 10, 50 and 100 μM, respectively. Cells treated with equal volumes of sterile buffer solution (9% ethanol, v:v) were used as negative controls.
After six days of induction, the cells and culture media were collected by filtration, immediately frozen in liquid nitrogen and stored at -80 C for further use.
RNA extraction and RT-PCR
The total RNA was isolated from different cell samples using Trizol Reagent ® (Invitrogen, Carlsbad, CA).
Reverse transcription was carried out using M-MLV reverse transcriptase (Takara, Otsu, Japan). Semi-quantitative RT-PCR was used to measure the transcription levels of t16h and d4h. Actin was used to calibrate the cDNA samples and as an internal reference. Gene-specific primers were as follows: t16h-forward
. PCR was carried out in a Bio-RAD Peltier thermal cycler (Techne, Burkhardtsdorf, Germany) with Taq DNA polymerase (Sangon, Shanghai, China). The PCR cycle numbers were optimized for each gene, so that product accumulation was in the exponential range. The PCR reaction cycles varied as following: 25 cycles for actin and 34 cycles for t16h and d4h. PCR conditions were as follows: denaturing at 94 C for 5 min, followed by various cycles with different genes of denaturing at 94 C for 30 s, annealing at 55 C for 45 s, extension at 72 C for 60 s, and final extension for 5 min at 72 C. Amplified cDNA fragments were separated on 1.0% agarose gels and visualized under an ImageMaster ® VDS (Pharmacia Biotech) imagining system after staining the gel with ethidium bromide.
Alkaloid extraction and determination
The extraction of total alkaloids from the C20hi cells and the culture media, and the quantification of vindoline and catharanthine with ultra-performance liquid chromatography coupled with mass spectrometry (UPLC-MS) were performed as previously described. 18 Before UPLC-MS quantification, the existence of vindoline and catharanthine was first confirmed using liquid chromatography/electrospray ionization tandem mass spectrometry (LC/ESI-MS n ). The LC/ESI-MS n analysis was performed to identify alkaloids in the m/z range of 250 -1000 on a Surveyor LCQ DECA XP plus system (Thermo Finnigan, San Jose, CA) equipped with an ESI interface and an ion-trap mass analyzer. Xcalibur Ver. 1.3 software was used for data analysis.
Chromatographic separation was performed on a 250 mm × 4.6 mm × 5 μm CAPCELL PAK C18 column (Shiseido, Japan) at a column temperature of 25 C. The injection volume was 5 μl. The mobile phase consisted of acetonitrile (A) and 0.1% formic acid in water (B). The flow rate was 1 ml/min. Gradient elution was as follows: from 5 to 10% A in 5 min, 10 to 50% A in 15 min, hold at 50% A for 10 min, then from 50 to 80% A in 5 min, finally from 80 to 5% A in 10 min. For the ESI-MS condition, the split ratio of the LC eluent was 1:3. The tuning parameters in positive mode were optimized and set as follows: capillary temperature, 300.00 C; source voltage, 5.00 kV; capillary voltage, 9.00 V; tube lens offset, 15.00 V; sheath gas flow (N2), 32 A.U.; aux/sweep gas flow (N2), 10 A.U.
Results

Effects of light and MJ elicitation on the transcription of biosynthetic genes in C20hi cells
It has been assumed that the transcriptional block of genes leading to vindoline biosynthesis resulted in a lack of vindoline in C. roseus cell cultures. 7 Variations at gene transcription levels reflected an early regulatory step in a biosynthetic pathway; therefore, we first tested the transcription of t16h and d4h in C20hi cells after elicitation. As can be seen in Fig. 2 , the transcription level of t16h was very low in the dark, but increased significantly after light treatment, and reached the maximum at 12 h, indicating that light could activate the transcription of t16h in C20hi suspension cultures.
When the cells were exposed to continuous light, the transcription levels of d4h in C20hi cells gradually increased, indicating that light induced the transcription of d4h. Interestingly, transcripts of d4h could also be observed in dark control samples; and also, at some time-points they were even higher than those under light conditions, but then decreased at 36 h ( Fig. 2A) , and became undetectable after several days in the dark. These results implied that light could induce the transcription of d4h in C20hi cells, but it may not be necessary. A similar conclusion was obtained from etiolated seedlings of C. roseus, where the levels of d4h transcripts were very low, and gradually declined until being hardly detectable after 12 days in the dark. However, the light treatment could stop and reverse the decline of d4h transcripts at later stages of seedling development. 10 Our study has shown that light could induce the transcription of the first and second to last enzymes in the vindoline pathway (Fig. 1) , which may lead to the biosynthesis of vindoline in C20hi cells. The MJ treatment increased the levels of t16h transcripts compared to the controls, indicating an induction of t16h transcription by MJ. However, the transcription of d4h could not be detected either in MJ-treated cells or in the controls, indicating that d4h transcription was not induced by MJ (Fig. 2B) . This result was similar to that in seedlings, where jasmonate could not induce d4h transcription. 16 
Alkaloids in C20hi detected by HPLC/ESI-MS 2 after light and MJ treatment
Total alkaloids in C20hi cells were analyzed using high-performance liquid chromatography (HPLC)/ESI-MS 2 . About 28 indole alkaloids were detected, including 17 monomers and 11 dimeric indole alkaloids ( Table 1 ). According to the retention time and ESI-MS-MS collision characteristics compared with those of the standards, compounds 5, 7, and 16 were identified as being catharanthine, ajmalicine, and vindoline, respectively.
Compounds 1 and 2 were identified as 19S-vindolinine and vindolinine according to their retention behavior and mass-spectrometric data. 19 The fragment ion of 305 at m/z 337 may suggest the existence of tabersonine, and the fragment ion of 321 at m/z 353 may suggest the existence of an isomer of ajmalicine. 20 These results confirm that C20hi cells have the ability to produce vindoline and catharanthine. There were no alkaloids detected in the culture media. Therefore, only the alkaloids in C20hi cells were further analyzed. 
Light treatment promotes vindoline, but not catharanthine accumulation in C20hi cells
Since vindoline and catharanthine could not be detected in some cell samples with HPLC/ESI-MS, we considered that the concentrations of vindoline and catharanthine were too low to be analyzed by traditional HPLC. Therefore, a more sensitive and rapid UPLC method was developed to quantify vindoline and catharanthine after elicitation, in which the limit of detection was 0.70 ng/ml for vindoline and 0.46 ng/ml for catharanthine. 18 As shown in Fig. 3A , the light treatment significantly increased vindoline production in C20hi cells by about 0.49 -5.51-fold compared to the controls (n = 3, p < 0.01, t-test). The highest yield of vindoline was 75.3 ng/g of dry weight (DW). These results indicated that the light treatment can promote vindoline accumulation in C20hi cells.
The highest content of catharanthine was 293.7 ng/g DW in C20hi cells grown under light for six days, but it was very low, or even undetectable, in most other cell samples (Table 2 ). This result suggested that light could not activate catharanthine biosynthesis in C20hi.
As shown in Fig. 3B , the contents of vindoline in C20hi cells treated with MJ were very low, and showed no obvious differences from those of the controls, which suggested that MJ had little effect on vindoline accumulation in C20hi cells.
Combination of light and MJ further enhanced vindoline accumulation
Though MJ showed no significant improvement in vindoline and catharanthine accumulation, its enhancement on the accumulation of some intermediate alkaloids and d4h enzymatic activity have been reported. 15, 16 The increase of t16h transcription levels in C20hi cells led to a hypothesis that the combined application of light and MJ may further promote vindoline biosynthesis in C20hi cells. Thus, we conducted a combined induction experiment to test this hypothesis. In the experiment, C20hi cells were induced by light combined with 10, 50 or 100 μM MJ. Samples cultured under dark, or with different volumes of buffer solution (9% ethanol, v:v), were used as controls ( Table 3) .
The contents of vindoline in C20hi cells cultured under light gradually increased with time, and reached a maximum concentration on the 12th day (Fig. 4) . Light alone significantly increased the vindoline yield at 6 d (p < 0.02, t-test), though the average yield was very low. The addition of MJ to C20hi cells cultured under light conditions further increased the vindoline yield (p < 0.001, t-test) with an average increase of about 366% (55 -519%, n = 12) compared to those under the dark conditions with MJ controls (DM), and an average increase of about 349% (145 -539%, n = 12) was achieved compared to those under light conditions with 9% ethanol (LE). The addition of MJ to C20hi cells cultured in the dark (DM) also significantly increased the yield of vindoline by an average of 77% (n = 12) compared to controls (dark with 9% ethanol, DE) (p < 0.05, t-test). Among the three concentrations of MJ, 50 and 100 μM were much more effective than 10 μM. In C20hi cells that were treated with 50 μM MJ and light for 12 days (LM50, 12 d), the content of vindoline was 43.10 ng/g, about 365% higher than the controls (DM50, 12 d) . These results confirmed that the combined applications of MJ and light significantly promoted vindoline biosynthesis.
Discussion
Light is crucial for plant growth. It can induce the formation of thylakoids, in which light-dependent reactions of photosynthesis take place. Chlorophyll molecules are specifically arranged in thylakoid membranes. In the absence of light, proplastids in the Besides, light treatment can also induce the transcription of d4h (Fig. 2) as well as dat (data not shown) in C20hi cells. These combined results provided molecular support for the induced production of vindoline (Table 1, Fig. 3A ) in C20hi cells by light treatment.
A single application of MJ cannot improve the production of vindoline in C20hi cells, but the combined use of MJ and light can significantly increase the production of vindoline. This result may be related to the improved production of alkaloid precursors involved in the vindoline pathway by MJ, including tabersonine and 16-hydroxytabersonine, since MJ has been reported to increase the tabersonine content in C. roseus seedlings 15 and the transcription of enzyme T16H, leading to 16-hydroxytabersonine (Fig. 2B) . Additionally, MJ was also found to induce the expression of dat genes, 22 since several motifs in the dat promoter were involved in the response to MJ signals. 23 The molecular analysis in this study provided evidence of vindoline production in C20hi cells induced by light and MJ elicitation. However, using HPLC/ESI-MS 2 we could not detect vindoline in all samples. We assumed that the traditional HPLC/ESI-MS method was not sensitive enough for any further quantification of vindoline in C20hi cells. In addition, analysis by traditional HPLC/ESI-MS required about 45 min for one sample, making it more laborious and time consuming. Therefore, we developed a more sensitive and rapid method by UPLC-MS. As described, the limit of detection for vindoline by UPLC-MS was about 1000-times lower than that reported by traditional HPLC methods, and the total analysis time was reduced to 6.0 min. 18, 24 Using the UPLC-MS method, we detected concentrations of as low as 1.63 ng/ml vindoline in unelicitated C20hi cells (Fig. 4) , and found significantly increased vindoline production after elicitation with light or light combined with MJ ( Figs. 3A and 4) . Our study suggested that light can induce the biosynthesis of vindoline in undifferentiated C20hi cells, and its combination with MJ further promoted this process. Although the actual yield of vindoline is too low to be of any valuable use at present, light elicitation combined with MJ provided a promising method to promote vindoline biosynthesis in undifferentiated cell cultures, and is worthy of further study.
